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Vaccine-Induced Th17 Cells Are Maintained Long-Term
Postvaccination as a Distinct and Phenotypically Stable Memory
Subset

Thomas Lindenstrem, Joshua Woodworth, Jes Dietrich, Claus Aagaard, Peter Andersen, and Else Marie Agger

Department of Infectious Disease Immunology, Statens Serum Institut, Copenhagen, Denmark

Th17 cells are increasingly being recognized as an important T helper subset for immune-mediated protection, especially against
pathogens at mucosal ports of entry. In several cases, it would thus be highly relevant to induce Th17 memory by vaccination.
Th17 cells are reported to exhibit high plasticity and may not stably maintain their differentiation program once induced, ques-
tioning the possibility of inducing durable Th17 memory. Accordingly, there is no consensus as to whether Th17 memory can be
established unless influenced by continuous Th17 polarizing conditions. We have previously reported (T. Lindenstrgm, et al., J.
Immunol. 182:8047—-8055, 2009) that the cationic liposome adjuvant CAF01 can prime both Th1 and Th17 responses and pro-
mote robust, long-lived Th1 memory. Here, we demonstrate that subunit vaccination in mice with CAF01 leads to establishment
of bona fide Th17 memory cells. Accordingly, Th17 memory cells exhibited lineage stability by retaining both phenotypic and
functional properties for nearly 2 years. Antigen-specific, long-term Th17 memory cells were found to be mobilized from lung-
draining lymph nodes to the lung following an aerosol challenge by Mycobacterium tuberculosis nearly 2 years after their induc-
tion and proliferated at levels comparable to those of Th1 memory cells. During the infection, the vaccine-induced Th17 memory
cells expanded in the lungs and adapted Th1 characteristics, implying that they represent a metastable population which exhibits
plasticity when exposed to prolonged Th1 polarizing, inflammatory conditions such as those found in the M. tuberculosis-in-
fected lung. In the absence of overt inflammation, however, stable bona fide Th17 memory can indeed be induced by parenteral

immunization.

In recent years, several novel T helper subsets have been de-
scribed, adding to the complexity of the Th1/Th2 dichotomy
originally described 25 years ago by Mosmann et al. (35). Besides
the emergence of regulatory T cells, these subsets include Th9,
Th17, Th22, and Tth. The Th17 subset has gained unprecedented
attention since their first description a few years ago, which has
brought about considerable knowledge on their induction, tran-
scriptional control, effector mechanisms, and involvement during
infection and disease. Hence, it has become clear that unbalanced
Th17 responses play an important role in the pathogenesis of sev-
eral autoimmune and allergic disorders, but there is also increas-
ing evidence that this T helper subset partakes in antimicrobial
responses against pathogens of viral, bacterial, parasitic, and fun-
gal etiology. Initially, Th17 cells were thought to be involved pri-
marily in immunity to extracellular pathogens (21, 33, 56) and are
especially important for resolving fungal infections (23, 53). How-
ever, the list of intracellular pathogens where Th17-mediated im-
munity is implicated is steadily growing (24, 31, 46, 47, 58).
Whereas the polarizing conditions for Th17 immunity have
become firmly established (15, 55), there is a much higher degree
of uncertainty as to whether Th17 cells represent a stable, termi-
nally differentiated Th lineage. Consequently, it is not clear
whether or to what extent Th17 memory can be achieved without
the influence of continued Th17 polarizing stimuli. It has, how-
ever, become increasingly clear that Th17 cells exhibit consider-
able plasticity due to, e.g., epigenetic regulation (36, 51), and that
this is particularly the case for in vitro-generated Th17 cells (28,
38), implying that the currently used in vitro polarization condi-
tions do not sufficiently drive Th17 cells to a state of full effector
and/or memory differentiation. For example, murine studies have
generally led to contradictory results in terms of whether Th17
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cells are established and maintained as memory cells, presumably
due to the wide-spread use of such in vitro-generated Th17 cells
for adoptive transfer experiments (27, 29, 30, 38). Th17 cells gen-
erated in vivo have, on the contrary, been reported to stably ex-
press interleukin-17 (IL-17) and be refractory to Thl and Th2
polarizing signals ex vivo (30). In vivo induction of Th17 cells has
primarily been achieved through, e.g., mucosal priming or by
chronic infections (11, 13, 42). Such conditions may not be favor-
able for optimal induction of long-term CMI (cell-mediated im-
munity) memory. Mucosally imprinted Th17 cells were shown to
express low levels of CD27 and were characterized as short-lived
effectors with low memory potential (42). Human studies have
reported on Th17 memory recall responses, with Th17 cells exhib-
iting phenotypic characteristics of long-lived central memory T
cells (34), which can form an integral part of human antimyco-
bacterial responses (43, 46). There is therefore a need to study this
important Th lineage in terms of in vivo induction, stability, and
memory capacity after more conventional immunization regi-
mens and during more quiescent and homeostatic conditions us-
ing clinically relevant adjuvants.

The CAFO01 (dimethyldioctadecylammonium [DDA] and tre-
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halose dibehenate [TDB] [DDA/TDB]) adjuvant, which is cur-
rently in two phase I clinical trials, has a long preclinical track
record (3) and is known to induce multifunctional long-term Th1
memory at levels normally only attained by live vectors (32).
CAFO01 has been reported to drive IL-17 responses (45, 52)
through the interaction of the immunostimulator TDB with its
cognate receptor Mincle/Clec4E. Ligation of this receptor initiates
signaling through the Syk-FcRy-Card9-Bcl-10-Maltl pathway,
paving the way for Th17 polarization through the production of
proinflammatory cytokines, such as IL-13, IL-6, tumor necrosis
factor alpha (TNF-a), and tumor growth factor beta (TGF-B) (45,
52). In the current study, we exploited the capacity of the CAFO1
adjuvant to induce combined Th1 and Th17 responses and char-
acterized the long-term memory capacity and stability of the Th17
subset. The Th17 T cells were found to differ from Thl T cells in
terms of phenotype as well as functionality and established them-
selves as long-lived cells that remained distinct from Th1 cells in
the absence of prolonged inflammation. This study clearly dem-
onstrates that antigen (Ag)-specific Th17, similar to Th1, can es-
tablish as stable, bona fide memory cells that can be mobilized by
a Mycobacterium tuberculosis challenge close to 2 years after their
induction by vaccination. However, these Th17 memory cells
were found to be metastable in the lung at later stages of M. tuber-
culosis infection and thus gave rise to progeny with Th1-like char-
acteristics.

MATERIALS AND METHODS

Animals. Female C57BL/6 mice, aged 6 to 8 weeks, were purchased from
Harlan Scandinavia (Allered, Denmark). Animals were kept at the exper-
imental animal facilities at Statens Serum Institut and handled by autho-
rized personnel. All manipulations were conducted in accordance with
the regulations of the Danish Ministry of Justice and animal protection
committees under permits 2004/561-868 and 2009/561-1655 and in com-
pliance with European Community Directive 86/609. Once infected, an-
imals were housed in cages contained within laminar-flow safety enclo-
sures (Scantainer; Scanbur) in a separate biosafety level 3 facility.

Antigens, adjuvant, and immunizations. Three different model an-
tigens were used in the current study, two tuberculosis fusion proteins, H1
and H28, and one Chlamydia fusion protein, designated CTHI. H1, a
fusion protein of Ag85B and ESAT-6, was produced as a recombinant
antigen as previously described (40), whereas the model antigen H28 was
produced by fusing the Rv2660 antigen to the Ag85B-TB10.4 backbone
using the methodology outlined for HI. CTH1 was made as a fusion of the
two highly conserved immunodominant Chlamydia antigens Ct443 and
Ct521 as described earlier (39). For all immunizations, CAF01 (DDA/
TDB), prepared by the film method, was used as the adjuvant at a dose of
250 wg DDA/50 pg TDB (12). Other adjuvants initially tested included
Montanide ISA720 (used at 70% of final vaccine volume), Quil A (20
pg/dose), and alhydrogel (500 pg/dose). Mice were immunized by the
subcutaneous (s.c.) route at the base of the tail three times with a 2-week
interval between immunizations. Based on prior dose-response optimiza-
tion experiments, the immunization dose was 2 g for tuberculosis (TB)
fusion proteins, whereas 10 g of the Chlamydia fusion protein was used.
In all cases, the injection volume was 200 pl.

Experimental infection. To assess the involvement of vaccine-in-
duced, long-term Thl and Th17 memory T cells specific for Ag85B-
ESAT-6 after challenge, HI memory mice were exposed to Mycobacterium
tuberculosis and recall responses were evaluated in parallel to age-matched
unvaccinated mice. To this end, mice were challenged 89 weeks postim-
munization by the aerosol route using the Glas-Col inhalation exposure
system (Terre-Haute, IN) calibrated to deliver 100 CFU of Mycobacterium
tuberculosis Erdman. To assess the early recruitment of vaccine-induced,
long-term memory cells from the lung-draining tracheobronchial lymph
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nodes to the lung, mice (3 to 4/group) were euthanized at day 14 post-
challenge. Prior experiments had established that the initial infection-
driven responses could be discerned in the nonimmunized, age-matched
mice around this time point. A separate experiment was set up to examine
whether Ag-specific Th1 and Th17 memory T cells were actively prolifer-
ating following challenge. To this end, memory mice were aerosol chal-
lenged with M. tuberculosis as described above ~2 years after the last H1
immunization alongside nonimmunized, aged-matched mice. Six weeks
into the infection, mice were sacrificed and immune responses in pooled
lung-draining tracheobronchial lymph nodes as well as individual lungs
(3/group) analyzed. Mice were administered bromodeoxyuridine (BrdU;
0.8 mg/ml) in drinking water 4 days prior to euthanization, and the degree
of BrdU incorporation was used to determine the degree of proliferation.

Cell preparations, ELISA, and MSD assays. Blood was obtained by
submandibular bleeding, and the peripheral blood mononuclear cells
(PBMC:s) were purified using Lympholyte (Cederlane, Burlington, NC).
Splenic and lymph node cell preparations were obtained by homogeniza-
tion through a metal mesh and washed twice in RPMI 1640 (Gibco Invit-
rogen, Taastrup, Denmark). All cell cultures were performed in Nuclon
microtiter plates (Nunc, Roskilde, Denmark) containing 2 X 10° cells/
well in a volume of 200 pl RPMI 1640 supplemented with 5 X 107> M
2-mercaptoethanol, 1 mM glutamine, 1% pyruvate, 1% penicillin-strep-
tomycin, 1% HEPES, and 10% fetal calf serum (FCS) (all from Gibco
Invitrogen, Taastrup, Denmark). Stimulants were used in concentrations
of either 0.5 or 5 g/ml, and cell culture supernatants were harvested after
72 h of incubation at 37°C. The levels of secreted antigen-specific cyto-
kines were evaluated using enzyme-linked immunosorbent assay (ELISA)
and MSD assays. For the latter, the Th1/Th2 cytokine 9-plex electro-
chemiluminescence assay was performed according to the manufacturer’s
instructions (Meso Scale Discovery, Gaithersburg, MD). The plates were
read on the Sector Imager 2400 system, and the cytokine concentrations in
unknown samples were determined by 4-parameter logistic nonlinear re-
gression analysis of the standard curve. The amounts of secreted IL-21,
IL-22, and IL-23 (p19/p40) were determined by ELISA in duplicate read-
ings from 4 individual mice using Ready-Set-Go kits according to the
manufacturer’s instructions (eBioscience, San Diego, CA). Gamma inter-
feron (IFN-vy) levels were likewise determined by ELISA as previously
described (32). The amount of IL-17A in cell culture supernatants was
similarly determined by a sandwich enzyme-linked immunosorbent assay
using a purified rat anti-mouse IL-17A at a concentration of 1 pg/ml
(Biolegend, San Diego, CA) as coating antibody, biotin-labeled rat anti-
mouse IL-17A (Biolegend) as detection antibody (250 ng/ml), and horse-
radish peroxidase (HRP)-conjugated streptavidin (BD Pharmingen, San
Diego, CA) for detection (diluted 1:5,000). Recombinant mouse IL-17A
(Biolegend) was used in serial dilutions to obtain standard curves for
determination of IL-17A levels. Reactions were visualized by TMB ready-
to-use (Kem-En-Tec, Denmark) chromogen substrate.

Intracellular flow-cytometric analysis. Intracellular staining for flow
cytometry was performed essentially as described earlier (32), with the
only modification being the use of the eBiosciences FoxP3 staining buffer
set for cell fixation and permeabilization procedures rather than the Cyto-
fix/Cytoperm kit (BD Pharmingen). In prior optimization experiments,
we had found that the FoxP3 staining set gave better delineation of the
IL-17A responses. The following antibodies were used for surface staining
(in 1:200 dilutions unless otherwise stated): anti-CD3-fluorescein iso-
thiocyanate (FITC) (clone 145-2C11; BD Pharmingen), anti-CD4-allo-
phycocyanin (APC)-Cy7 (clone GK1.5; BD Pharmingen), anti-CXCR3-
phycoerythrin (PE) (clone 220803; 1:10; RD Systems), anti-CCR6
(CD196)-Alexa 647 (clone 140706; 1:100; BD Pharmingen), and anti-
CCR4 (CD194)-PE (clone 2G12; 1:50; Biolegend). For intracellular stain-
ing, the following antibodies were applied: anti-IL-17A-peridinin chlorophyll
protein (PerCP)-Cy5.5 (clone eBio17B7; eBiosciences), anti-IFN-y-PE-Cy7
(clone XMGL1.2; eBiosciences), anti-TNF-a-PE or anti-TNF-a-PE-Cy7
(MP6-XT22; BD Pharmingen), anti-IL-2-APC (clone JES6-5h4; BD
Pharmingen), anti-IL-21-APC (clone 149204; 1:10; RD systems), and
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FIG 1 Immunization with CAF01 leads to responses dominated by expression of Th1 and Th17 cytokines. Groups of four C57BL/6 mice were immunized s.c.
three times with 2 g H28 plus the indicated adjuvant. Levels of Ag-specific IFN-y (A) and IL-17A (B) were measured by ELISA in splenocyte cultures 13 weeks
after immunization. Data are means * standard errors (SE). **, P < 0.01 by one-way ANOVA using Tukey’s posttest. The experiment was performed twice with
comparable results. (C) Levels of antigen-specific cytokine release were measured 13 weeks after immunization by either MSD multiplex analysis or conventional
ELISA (IFN-v, IL-17A, IL-21, IL-22, and IL-23 [p19/40]); data are means * SE. (D) Groups of four C57BL/6 mice were immunized s.c. three times with 10 pg
CTHI plus CAFO1. Levels of antigen-specific IFN-y and IL-17A were measured 2 weeks after immunization by conventional ELISA. Data are means * SE. (E)
Groups of four C57BL/6 mice were immunized s.c. three times with 2 g H1 plus CAFO1. Three weeks postimmunization, levels of antigen-specific IEN-y and
IL-17A were measured as described above. Data are means *+ SE and are representative of three repetitive experiments.

anti-IL-22-PE (clone IH8PWSR; 1:100; eBiosciences). BrdU staining was
performed as in Elvang et al. (17). Cells were acquired and analyzed using
a BD FACSCanto flow cytometer (BD Biosciences) and analyzed using
FlowJo software for Macintosh (v.8.7.6; Tree Star Inc.).

Statistical analysis. For comparative analysis of immunogenicity,
data were either tested by Student’s # test or by one-way analysis of vari-
ance (ANOVA). When significant differences were found, differences be-
tween means were determined by Tukey’s multiple comparison tests. In
cases of multiple variable parameters, a two-way ANOVA was performed.
All statistical analyses were carried out in GraphPad Prism (version 5.03;
GraphPad Software Inc., La Jolla, CA).

RESULTS

Immunization with CAF01 leads to responses dominated by ex-
pression of Thl and Th17 cytokines. We initially characterized
and compared the Th1-Th17-inducing capacity of CAF01 to that
of selected adjuvants by measuring the levels of secreted IFN-y
and IL-17A after immunization with the TB fusion model antigen
H28 (Fig. 1A and B). In agreement with earlier reports, we found
CAFO01 to promote high levels of the Thl cytokine IFN-y and
notable Th17 responses characterized by prominent levels of IL-
17A that were significantly higher than those induced by any of the
other adjuvants tested (P < 0.01 by one-way ANOVA with

October 2012 Volume 80 Number 10

Tukey’s multiple-comparison posttest) (Fig. 1A and B). In order
to fully characterize the cytokine profile in mice to the H28 fusion
protein adjuvanted by CAFO01, we subsequently measured 13 cy-
tokines by electrochemiluminescence and conventional ELISA
(Fig. 1C). Using the recombinant vaccine antigen 13 weeks after
three s.c. immunizations confirmed that CAF01 induces promi-
nent levels of the Th1 cytokines IFN-v and IL-2, as well as lower
but detectable levels of IL-12 and TNF-o and similarly low levels
of the Th2 cytokines IL-5 and IL-10. Additionally, Th17 cytokines,
especially IL-17A but also IL-22 and CXCLI (mKC), were found
to be an integral part of the recall response (Fig. 1C). The com-
bined induction of IFN-y and IL-17A is a general trait of CAF01-
adjuvanted responses, as seen by the fact that these signature cy-
tokines were obtained following immunization with several other
antigens, including both TB-related (fusion protein H1 [Ag85B-
ESAT-6]) (Fig. 1E) and non-TB-related antigens (Chlamydia fu-
sion protein CTH1 [Ct521-Ct443]) (Fig. 1D).

CAFO01 induces distinct Thl and Th17 subsets with clear
functional differences in terms of homing potential and cyto-
kine multifunctionality. Subsequently, we addressed whether
CAFO01-induced CD4 T cells coexpressed IFN-vy and IL-17A or
were manifested as distinct Th1 and Th17 subsets. By intracellular
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FIG 2 CAFO01 induces distinct Th1 and Th17 subsets with functional differences. Groups of four C57BL/6 mice received three immunizations with 2 wg H28 plus
CAFO1. (A) Fifteen weeks after immunization, the frequency of Th1 (IFN-y™* IL-17A7; light gray bars), Th17 (IFN-y ™~ IL-17A™; dark gray bars), and Th1/Th17
(IFN-y* IL-17A"; black bars) within the CD3™ CD4™" population was determined by intracellular flow cytometry (ICS). The left panels show representative
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flow cytometry, we found that although a minor population of
coexpressing Th1/Th17 cells did appear after CAFO1 immuniza-
tion, vaccine-driven Thl and Th17 responses displayed a clear
dichotomy (Fig. 2A). This pattern was observed irrespective of the
intracellular staining (ICS) protocol used (Fig. 2B and C), and the
Th1-Th17 dichotomy was likewise seen using the Chlamydia fu-
sion protein CTH1 (data not shown). Further, CAF01 immuniza-
tion was not found to induce IL-17A-secreting y3-T cells beyond
the levels seen in nonimmunized mice (data not shown). We next
examined whether chemokine receptors were expressed in a lin-
eage-specific manner in the two effector subsets and in the minor
population of the IFN-y/IL-17A-coexpressing Th1/Th17 subset.
Whereas no clear differences were found for CXCR3, we consis-
tently found Th17 cells to express significantly higher levels of the
mucosal homing marker CCR6 (CD196) (P < 0.01 by one-way
ANOVA with Tukey’s multiple-comparison posttest) as well as
the skin-homing marker CCR4 (CD194) (P < 0.05 by one-way
ANOVA with Tukey’s multiple-comparison posttest) than both
the Th1 and Th1/Th17 subsets (Fig. 2D). As the distinct Th1-Th17
dichotomy could be explained by differential epitope recognition
within the two T cell lineages, with certain epitopes preferentially
recognized by Thl cells and others by Th17, we performed an
epitope mapping of the major antigen Ag85B (Rv1886¢). How-
ever, T cells producing either IFN-y or IL-17A recognized the
same regions of Ag85B (Fig. 2E).

Finally, a functional characterization of the Th17 cells in terms
of their cytokine coexpression profiles was performed by ICS.
Some Th17 cells showed coexpression of IL-2 (not shown), but
because the great majority of Th17 cells did not coexpress IL-17A
with IFN-vy (Fig. 2A to C), we focused on the classical Th17 cyto-
kines IL-21 and IL-22 as well as TNF-a. Thus, using an intracel-
lular staining panel against IL-17A, IL-21, IL-22, and TNF-q, an-
tigen-specific CD4 T cells were found to express IL-17A and
TNF-a (Fig. 2F). The modest IL-22 expression observed by ELISA
(Fig. 1) was not detected by ICS. Looking at their coexpression,
Th17 cells were found to express IL-17A either alone or in com-
bination with TNF-« (Fig. 2F).

Th17 cells induced by CAF01 are maintained as both an in-
termediary and long-term (>1.5 years) stable memory subset.
The CAF01 adjuvant has been shown earlier to promote strong
and sustained multifunctional Th1 responses (16, 32). To investi-
gate whether Th17 cells play an integral part in this memory re-
sponse, we examined the IFN-y and IL-17A recall responses after
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short and long intervals after immunization with CAF01. Within
the first 3 months after immunization, antigen-specific levels of
IL-17A and IFN-vy in the blood were relatively constant (Fig. 3A).
At week 69 (long term), there were diminished levels of IFN-y
(not significant) and, in particular, lower levels of secreted IL-17A
by splenocytes (P = 0.007 by Student’s ¢ test) (Fig. 3B). In con-
trast, the frequency of antigen-specific Th1 cells was significantly
increased at 69 weeks postimmunization (the Th lineage parame-
ter was not significant by two-way ANOVA, P < 0.01 for the time
parameter, and parameter interaction was not significant) (Fig.
3C). At this late time point, the frequency of the Th17 memory
subset remained stable while exhibiting a nonsignificant increase
(Fig. 3C). As no increase in the frequency of IFN-y*/IL-17A*
double-positive Th1/Th17 cells was found (not shown), lineage
stability of Thl and Th17 was maintained throughout the 69
weeks after immunization. The drop in IL-17A secretion observed
from 15 to 69 weeks after immunization was reflected at the sin-
gle-cell level such that IL-17A production on a per-cell basis, as
measured by the average geometric mean fluorescent intensity
(MFI) values of IL-17-positive CD3" CD4" T cells, was signifi-
cantly lower at week 69 than at week 15 postimmunization. No
such reduction in IFN-y MFI values was observed for the Thl
subset (Fig. 3D). However, the Th17 cells stably retained their
distinct mucosal homing properties, as shown by their signifi-
cantly higher expression of mucosal homing marker CCR6 com-
pared to the Thl subset (according to two-way ANOVA, P <
0.001 for differences in CCR6 expression for Th lineage, and the
change over time was not significant) (Fig. 3E and F).
Long-term Th17 memory cells proliferate following chal-
lenge with Mycobacterium tuberculosis and are mobilized from
lung-draining lymph nodes to the lung. Having established that
CAFO1 can promote long-term Th17 memory cells exhibiting lin-
eage stability in terms of both cytokine production and mucosal
homing properties, we next addressed whether vaccine-induced
Th17 memory cells were still functional and could be mobilized
following challenge with Mycobacterium tuberculosis. To this end,
mice were immunized three times with the TB fusion model pro-
tein H1 at 2-week intervals, and 89 weeks later they were chal-
lenged by the aerosol route. Two weeks into the infection, when
the initial infection-driven responses could be detected in the
lung-draining lymph nodes of nonimmunized mice, mice were
euthanized and antigen-specific Th1 and Th17 responses deter-
mined by intracellular flow cytometry in both immunized and

plots of IL-17A versus IFN-y expression in CD4 lymphocytes (singlets > lymphocytes > CD3" > CD4") from unstimulated and H28 stimulated splenocytes.
The experiment was independently performed three times with similar results. (B) Distinct Th1 and Th17 cell populations predominate postvaccination,
regardless of ex vivo stimulation and the intracellular staining protocol used. Mice received 2 to 3 s.c. immunizations of 2 wg H1 plus CAF01. PBMCs pooled from
8 C57BL/6 mice after 22 weeks were stimulated with H1 (top) or were left unstimulated for either 1 h (left) or 4 h (right) before 6 h of incubation in the presence
of brefeldin A (BFA). (C) Splenocytes pooled from 4 B6 X BALB/c F1 mice 3 weeks postimmunization were stimulated with H1 for either 1 h (left) or 4 h (right)
before 5 or 12 h of incubation in the presence of BFA. Representative plots of gated CD4 T cells are shown. (D) Expression levels of CCR6, CXCR3, and CCR4
were determined in H28-specific Th1 (IFN-y " IL-17A"; light gray), Th17 (IFN-y ™~ IL-17A™; dark gray), and Th1/Th17 (IFN-y ™ IL-17A*; black) cells within the
CD3* CD4" lymphocyte gate by their geometric mean fluorescent intensity. The left panels show representative plots of IL-17A versus IFN-y expression in CD4
lymphocytes (singlets > lymphocytes > CD3" > CD4") from unstimulated and H28-stimulated splenocytes and histogram overlays of chemokine receptor
expression of H28-specific Th1, Th17, and Th1/Th17 subsets. Geometric mean MFI values of each marker were compared by one-way ANOVA with Tukey’s
posttest (right). *, P < 0.05; **, P < 0.01. The graph is representative of three independent experiments. (E) Splenocytes from 3 individual mice were restimulated
with overlapping peptides spanning the entire Ag85B protein. Levels of secreted IFN-y and IL-17A were subsequently measured by ELISA. Data are means = SE.
Peptides recognized by Th1 and Th17 included P30/P31 (SSFYSDWYSPACGKA/DWYSPACGKAGCQTY), P36/P37 PQWLSANRAVKPTGS/ANRAVKPTGS
AAIGL), P63 QDAYNAAGGHNAVEN), and P67 (THSWEYWGAQLNAMK). (F) Cytokine coexpression profiles in vaccinated mice 15 weeks postimmuniza-
tion. By Boolean gating, cytokine-producing cells (IL-17A, TNF-a, IL-21, and IL-22) within the CD3" CD4" population were divided into 15 distinct
subpopulations based on their production of these cytokines in any combination, and their frequency was determined. The relative contribution of each of these
subpopulations to the responding T cell population is shown by the inserted pie chart. The experiment was performed three times with comparable results.
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FIG 3 CAFO1-induced Th17 cells are established as a distinct and stable memory subset. (A) C57BL/6 mice received 3 s.c. immunizations of 2 g H28 plus CAFO1
spaced 2 weeks apart. Blood was obtained at weeks 3, 6, 9, and 15 after immunization by submandibular bleeding. PBMCs pooled from 8 mice were stimulated
with H28 at a concentration of 0.5 pg/ml, and cell culture supernatants were harvested after 72 h of incubation. The levels of secreted antigen-specific IFN-y and
IL-17A were determined by capture ELISA in triplicate readings; data are means * standard deviations. Open squares, IFN-v; black circles, IL-17A. Groups of
four mice received three immunizations with 2 pg H28 plus CAF01, and Th1 versus Th17 memory responses were measured at short (15 weeks) and long (69
weeks) intervals after vaccination. (B) Release of IL-17A and IFN-vy from spleen cells isolated after H28 immunization was determined by ELISA; data are
means * SE. P values were calculated using Student’s ¢ test (*, P < 0.05; **, P < 0.01). (C) The frequency of Th1 (IFN-y* IL-17A7; light gray bars) and Th17
(IFN-y~ IL-17A"; dark gray bars) at short (15 weeks) and long (69 weeks) intervals after vaccination was determined by ICS. The percentage of each
subpopulation within the CD3* CD4" gated lymphocyte population was determined. Significant differences were calculated by two-way ANOVA with
Bonferroni’s posttest (*, P < 0.05). (D) Expression levels of IL-17A in H28-specific Th17 (IFN-y~ IL-17A™"; dark gray bars) and of IFN-y in Th1 (IFN-y*
IL-17A"; light gray bars) cells within the CD3" CD4™" lymphocyte gate were determined in four individual mice by their geometric mean fluorescent intensity
at both short (15 weeks) and long (69 weeks) intervals. Differences in mean MFI values over time within each population were compared by Student’s ¢ test. **,
P < 0.01. (E) Expression levels of CCR6 were determined in H28-specific Th1 (IFN-y* IL-17A7; light gray bars) and Th17 (IFN-y~ IL-17A™; dark gray bars)
cells within the CD3" CD4 " lymphocyte gate by their geometric mean fluorescent intensity. Significant differences in MFI values were calculated by two-way
ANOVA with Bonferroni’s posttest. *, P < 0.05; **, P < 0.01. (F) Representative plots of distinctive antigen-specific Th1 (IFN-y* IL-17A™) and Th17 (IFN-y~
IL-17A™) cells and histogram overlays of their CCR6 expression levels at 15 and 69 weeks postimmunization. This experiment was repeated once with
comparable results, though with H1 (Ag85B-ESAT-6) as the antigen.

aged-matched nonimmunized animals. We found that long-term  ing lymph nodes from memory mice than from nonimmunized
Th17 memory cells were mobilized after challenge to the lung- animals (P = 0.003 by Student’s ¢ test). Further, the Th17 cells
draining tracheobronchial lymph nodes, as we observed a signifi- from the memory animals clearly maintained their dichotomy
cantly higher frequency of antigen-specific Th17 cells in the drain-  relative to Th1 (Fig. 4A). This was in contrast to the infection-
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FIG 4 Long-term Th17 memory cells are rapidly mobilized from lung-draining lymph nodes following challenge with Mycobacterium tuberculosis. (A and B)
C57BL/6 mice were immunized three times with 2 g H1 plus CAF01 and 89 weeks later were aerosol challenged with M. tuberculosis Erdman. Mice were
euthanized 2 weeks into the infection, and H1-specific Th1 and Th17 responses were determined by ICS in both immunized (3 mice) and aged-matched,
nonimmunized animals (4 mice). (A) The frequency of Th1 (IFN-y* IL-17A"; light gray bars), Th17 (IFN-y~ IL-17A™; dark gray bars), and Th1/Th17 (IFN-y*
IL-17A"; black bars) cells mobilized from the tracheobronchial lymph nodes was determined by ICS in both long-term memory and aged-matched, nonim-
munized mice. (B) Expression levels of CCR6 were determined by geometric CCR6 mean fluorescent intensity in infection-mobilized, H1-specific Th1 (IFN-y™
IL-17A7; light gray bars), Th17 (IFN-y~ IL-17A"; dark gray bars), and Th1/Th17 (IFN-y* IL-17A™; black bars) cells within the CD3* CD4™" lymphocyte gate
from the tracheobronchial lymph nodes of memory immune mice. Differences were found to be nonsignificant (ns; one-way ANOVA). (C to E) C57BL/6 mice
were immunized three times with 2 wg H1 plus CAF01 and ~2 years later were aerosol challenged with M. tuberculosis Erdman. Mice were euthanized 6 weeks
into the infection, and H1-specific Th1l and Th17 responses and their proliferative capacity were determined by ICS in pooled tracheobronchial lymph nodes
from both immunized and aged-matched, nonimmunized animals. (C) IFN-vy versus IL-17A expression in pooled lung-draining lymph node CD4™" T cells after
stimulation with H1, medium, and phorbol myristate acetate-ionomycin. Numbers denote the frequency of CD4™ T cells. (D) Proportion of BrdU-incorpo-
rating H1-specific Th17 (left plots) versus Th1 (right plots) CD4 T cells from lung-draining lymph nodes 6 weeks into M. tuberculosis infection in nonimmunized
(upper part) and immunized mice (lower part). Numbers denote the frequency of CD4™" T cells. (E) Histogram overlay showing the degree of BrdU incorpo-
ration (left) and CCR6 expression levels (right) in H1-specific Th1 (IFN-y* IL-17A7) and Th17 (IFN-y~ IL-17A™) CD4 T cells from tracheobronchial lymph
nodes isolated from memory immune mice 6 weeks into infection.

driven Th17 response in nonimmunized mice, which were of a
distinctive Th1/Th17-coexpressing profile (Fig. 4A). Although
antigen-specific Th1 cells were likewise mobilized from memory
mice, frequencies were not significantly higher than in nonimmu-
nized animals at this early time point (Fig. 4A). In terms of CCR6
levels, the Th17 cells from the tracheobronchial lymph nodes in
the immunized mice had somewhat higher mucosal homing po-
tential than the Thl and the Th1/Th17 counterparts, although
differences were not significant (P > 0.05 by one-way ANOVA)
(Fig. 4B).

We subsequently wanted to investigate whether M. tuberculosis

October 2012 Volume 80 Number 10

infection led to proliferation within the Th17 memory compart-
ment in the tracheobronchial lymph nodes and, further, if Th17
cells were subsequently recruited to the lungs during infection. To
address these issues, memory mice, approximately 2 years after the
last H1 immunization, were aerosol challenged, and the frequency
of antigen-specific Th1 and Th17 and their degree of proliferation
were determined in both lung-draining lymph nodes as well as in
lungs 6 weeks into infection. At this time point, immunized mice
still mounted combined Th1 and Th17 responses in the tracheo-
bronchial lymph nodes, with these responses still being predom-
inantly distinct from each other (Fig. 4C). However, one-third of
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the IL-17A-producing CD4 T cells were IFN-y coproducers at this
time. Nonimmunized mice were devoid of H1-specific Th17 cells
in the lung-draining lymph nodes 6 weeks into infection, and
responses thus were exclusively of the Thl subset (Fig. 4C). We
found that vaccine-induced Th17 memory cells proliferated to the
same extent as Th1 following infection. Thus, in the tracheobron-
chial lymph nodes, approximately 50% of both subsets of H1-
specific CD4 T cells were found to incorporate BrdU (Fig. 4D).
Further, each of these subsets exhibited a similar degree of incor-
poration (Fig. 4E, left). In addition to their expansion in the drain-
ing lymph nodes, Th17 cells were still found to express higher
levels of the mucosal homing marker CCR6 6 weeks into the in-
fection (Fig. 4E, right).

After showing that Th17 memory cells are mobilized to the
lung-draining lymph nodes, maintain their polarization, stably
express CCR6, and proliferate to the same extent as Th1 memory
cells following challenge, we next looked at their involvement at
the site of infection. Early H1 responses in the lung (2 weeks) (Fig.
5A) were dominated by Thl and Th17 cells, with only a minor
contribution of Th1/Th17 coproducers in immunized mice. In
nonimmunized animals, significantly lower levels of Thl re-
sponses could be detected (P < 0.001 by two-way ANOVA using
Bonferroni’s posttest) and Th17 responses were similar to what
was observed in the draining lymph nodes at week 2, dominated
by IFN-v/IL-17A-coexpressing cells (Fig. 5A). Six weeks into the
infection, H1-specific Th17 cells were nearly absent from nonim-
munized mice, whereas these cells had greatly expanded in the
immunized group (differences between nonimmunized and im-
munized in Thl cells were significant at P < 0.01, those in Th17
cells at P < 0.01, and those in Th1/Th17 cells at P < 0.05, each
determined by two-way ANOVA using Bonferroni’s posttest)
(Fig. 5B). Both Th1 and Th17 CD4 T cells thus were found to have
incorporated BrdU during the preceding 4 days (Fig. 5C and D).
However, and strikingly, at this time during infection, both IFN-
v /TL-17A" and IEN-y*/IL-17A" subsets were found to contrib-
ute almost equally to the Th17 response (Fig. 5B to D). In terms of
their proliferative capacity, we found no differences between these
two Th17 subsets, as bona fide Th17 and Th1/Th17 cells had in-
corporated BrdU to almost the same extent (Fig. 5D). These find-
ings raised the question of whether the prominent population of
Th1/Th17 in the inflamed tissue at the later stages of M. tubercu-
losis infection could be regarded as progeny of metastable Th17
memory cells displaying plasticity in the face of prolonged inflam-

Th17 Memory Promoted by Adjuvanted Subunit Vaccination

mation or represented effector cells primed and maintained by the
infection. Although the M. tuberculosis infection seemed to prime
H1-specific Th1/Th17 cells in nonimmunized mice, this subset
was found to be neither maintained nor expanded by the infection
(compare Fig. 4A to 5A and 4C to 5B and C). To further elaborate
on this, we next looked at responses to the M. tuberculosis antigen
TB10.4, which was not contained in the subunit vaccine and
would therefore be primed and maintained/expanded solely by
the infection in both the immunized and nonimmunized group.
Two weeks after challenge, infection primed both classical Thl
and the Th1/Th17 subsets (Fig. 5E) (differences between immu-
nized and nonimmunized mice were not significant as determined
by two-way ANOVA), but this [FN-vy/IL-17A-coexpressing subset
was not found to be maintained or expanded later during infec-
tion (Fig. 5F to H) (differences between immunized and nonim-
munized mice were not significant by two-way ANOVA). In the
immunized group, approximately 0.5% TB10.4-specific, bona
fide Th17 cells were observed in the lungs at week 6 (Fig. 5F), but
this infection-driven response had low proliferative capacity and
exhibited no or very limited BrdU incorporation (Fig. 5G and H).
Hence, Th17 cells primed by the M. tuberculosis infection appear
to be short-lived effectors and consequently seem unlikely to ac-
count to any significant degree for the mixed H1-specific Th1/
Th17 cells that emerge during later stages of infection in the lungs
of memory mice.

DISCUSSION

The ultimate goal of any vaccination procedure is to establish a
pool of memory cells of adequate size and quality to promote
long-lived protection against subsequent challenge. Recent hu-
man and murine studies have indeed shown that subunit vaccina-
tion with novel adjuvant platforms can promote long-lived Th1
memory with durability similar to or exceeding the levels nor-
mally attained only by live vectors (32, 49, 50). Memory-pheno-
type Th17 cells have been reported from human infections or
disease conditions (34, 43, 46), and a recent report has confirmed
that human Th17 memory cells are long lived and confined to the
memory T cell compartment as they are not exhausted (PD-1"),
not regulatory/suppressive (FoxP3™; IL-10" ), and not senescent
(CD28" CD57" KLRG-1") in nature (26). It was further shown
that human Th17 memory cells have high proliferative capacity
(i.e., express high levels of Ki67) and are resistant to apoptosis, but
at the same time they are terminally differentiated as they are

FIG 5 Challenge with Mycobacterium tuberculosis mediates proliferation of long-term Th17 memory cells and recruitment to the lung, where they adopt Th1 cell
characteristics as infection progresses into chronic stages. (A) C57BL/6 mice were immunized three times with 2 wg H1 plus CAF01, and 89 weeks later aerosol
was challenged with M. tuberculosis Erdman. Mice were euthanized 2 weeks into the infection, and the frequency of H1-specific Th1 (IFN-y* IL-17A"; light gray
bars), Th17 (IFN-y~ IL-17A™; dark gray bars), and Th1/Th17 (IFN-y* IL-17A™; black bars) cells in both immunized (3 mice) and aged-matched, nonimmu-
nized animals (4 mice) were determined by ICS. Significant differences were calculated by two-way ANOVA with Bonferroni’s posttest (***, P << 0.001). (B to H)
C57BL/6 mice were immunized three times with 2 pg H1 plus CAF01 and ~2 years later were aerosol challenged with M. tuberculosis Erdman. Mice were
euthanized 6 weeks into the infection, and antigen-specific Th1l and Th17 responses and their proliferative capacity were determined by ICS in individual lungs
from both immunized and aged-matched, nonimmunized animals (3 mice/group). (B) Frequency of H1-specific CD3* CD4" Th1 (IFN-y™ IL-17A"; light gray
bars), Th17 (IFN-y~ IL-17A™; dark gray bars),and Th1/Th17 (IFN-y ™ IL-17A"; black bars) cells from the lung 6 weeks into infection in both long-term memory
and aged-matched, nonimmunized mice. Significant differences were calculated by two-way ANOVA with Bonferroni’s posttest (***, P < 0.001; **, P < 0.01; %,
P <0.05). (C) Representative plots showing IL-17A versus IFN-vy expression (left) and the proportion of BrdU incorporating H1-specific Th17 (middle) and Th1
(right) cells 6 weeks into infection. (D) Mean frequencies of H1-specific Th1 (IFN-y* IL-17A7), Th17 (IFN-y~ IL-17A™), and Th1/Th17 (IFN-y* IL-17A")
subsets being either BrdU negative or BrdU positive 6 weeks into challenge. (E) Frequency of TB10.4-specific Th1 (IFN-y" IL-17A7; light gray bars), Th17
(IFN-y~ IL-17A™; dark gray bars), and Th1/Th17 (IFN-y" IL-17A™; black bars) cells 2 weeks after infection (ns, not significant by two-way ANOVA). (F)
Frequency of TB10.4-specific Th1 (IFN-y* IL-17A; light gray bars), Th17 (IFN-y~ IL-17A™, dark gray bars),and Th1/Th17 (IFN-y ™ IL-17A™; black bars) cells
6 weeks into infection. (G) Representative plots showing IL-17A versus IFN-y expression (left) and the proportion of BrdU incorporating TB10.4-specific Th17
(middle) and Th1 (right) cells 6 weeks into infection. (H) Mean frequencies of TB10.4-specific Th1 (IFN-y* IL-17A"), Th17 (IFN-y~ IL-17A™), and Th1/Th17
(IFN-y* IL-17A™) subsets being either BrdU negative or BrdU positive 6 weeks into challenge.
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CD27'°% (26). Low levels of CD27 expression have also been re-
ported from mouse Th17 cells (37, 42), and Th17 memory cells
from mice have accordingly been reported to be short-lived with a
limited capacity to persist (42). Thus, there is no clear consensus
in the field as to whether long-lived Th17 memory with equiva-
lence to Thl can be induced by immunization (5, 27, 29, 30, 37,
38, 42).

In the current work, we show that CAF01-induced Th17 cells
can be stably maintained in mice up to 1.5 years after immuniza-
tion in a fashion similar to what has been reported earlier for
CAF01-induced Th1l memory (32). This observation is in keeping
with reports that in vivo-generated Th17 cells represent a stable
and distinct lineage of Th cell differentiation (30) and that in vitro-
generated Th17 cells can maintain their differentiation program
after transfer into a normal host, even in the absence of antigen or
continued Th17 polarizing conditions (38). Likewise, Muranski et
al. (37) reported that murine Th17 could persist for at least 2
months as self-renewing, IL-17A-secreting cells despite their low
expression of CD27. In a contrasting report, CD27'°™ Th17 cells
with a central memory phenotype (CCR7™) from mice were de-
scribed to be shorter lived than antigen-specific Th1 cells due to
inferior Th17 survival and a lower degree of homeostatic prolifer-
ation (42). In contrast to our experiment, in that case Thl and
Th17 cells were induced by incommensurate routes of delivery,
such as Th17 cells by a mucosal Listeria monocytogenes infection,
whereas Th1 cells were promoted by intravenous inoculation with
the bacteria (42). Th17 cells are known to display substantial chro-
mosome instability of key transcription factors and cytokine genes
(36, 51), and fate mapping in Th17 reporter mice has also un-
equivocally shown that certain inflammatory conditions can in-
duce rapid transition of Th17 cells into, e.g., Th1 (8, 22, 28). In the
absence of chronic inflammation, Th17 cells were found to be
stable and not deviate into other T cell lineages (22). In agreement
with this, we found the induced Th17 cells to be stable and to
maintain their dichotomy relative to Th1, thus implying that dur-
ing the inflammatory quiescent 69-week period from final immu-
nization, the Th17 memory cells did not adopt Th1 phenotypic
characteristics. At all times we found the Th17 cells to express
significantly higher levels of the mucosal chemokine receptor
CCR6 (CD196) than the Thl T cell lineage, which further rein-
forces that the vaccine-induced Th17 memory subset is phenotyp-
ically stable (2, 48).

The capacity of CAFO01 to induce prominent Th17 responses in
addition to Th1 was not seen with any other of the tested adjuvants
and might be a distinctive feature. Thus, immunization with CpG,
another strong Th1 adjuvant, did not give rise to Th17 responses
either and elicited a markedly different transcriptome profile
compared to TDB administration (52). The induction of bona fide
Th17 cells using CAFO1 is in contrast to a recent publication
within the Chlamydia field, where Th17 responses were highly
dominated by an IFN-v/IL-17A-coexpressing subset after immu-
nizations with DDA/TDB (58). We repeatedly observed clear Th1-
Th17 dichotomy using different antigens as well as different ICS
protocols, implying that this discrepancy cannot be ascribed to
these factors. However, in the work by Yu et al. (58), the DDA/
TDB adjuvant was formulated by the aqueous heat method, where
TDB is less efficiently incorporated into the lipid bilayer than the
current CAFO1 (DDA/TDB), which is formulated by the thin-film
lipid rehydration method (12). As TDB is essential for the Th17
adjuvant activity of CAF01 (DDA/TDB) (45, 52), an uneven dis-

3542 iai.asm.org

tribution of TDB in DDA liposomes might in part explain the
incongruity.

On a functional level, a substantial part of the CAF01-induced
Th17 cells were found to coexpress TNF-a. TNF-a and IL-17A
coexpression has been reported previously and found to act in
synergy by promoting IL-23p19 and IL-6 expression, the latter
through synergistic activation of transcription factors belonging
to the C/EBP family (19, 44). Further, TNF-a has been shown to
increase the expression of CD54 (ICAM-1), which would allow
CCR6-positive Th17 cells to extravasate at mucosal sites such as
the lung through engagement with CCL20 (MIP-3a) (18). Along
this line, Khader et al. (24) reported on rapid accumulation of
IL-17-producing T cells in the lungs of vaccinated mice after chal-
lenge with Mycobacterium tuberculosis that preceded the corre-
sponding IFN-vy-producing population. They proposed that vac-
cine-induced T cells producing IL-17 could rapidly respond to
infection and accelerate the recruitment of Th1 cells through ex-
pression of CXCL9, CXCL10, and CXCLI11 chemokines. In the
current experiments, we found that the CAFOl-induced Th17
memory cells were functionally competent and could be mobi-
lized from the lung-draining lymph nodes after M. tuberculosis
challenge close to 2 years after their induction. The Th17 cells
recruited from the tracheobronchial lymph nodes were likewise
stable, did not coexpress IFN-vy, displayed infection-mediated
proliferation at levels comparable to Th1, and exhibited some-
what higher mucosal homing potential than both the Th1/Th17
and Th1 subsets. However, in this case the levels of CCR6 were not
significantly different between the three T helper subsets, proba-
bly reflecting that the Th17 memory cells had experienced Ag-
specific activation during the infection by lung-draining dendritic
cells, a process known to downregulate CCR6 expression (18).
Once in the lung, vaccine-induced Th17 cells kept their distinc-
tion from Thl early in infection, but, under the influence of pro-
longed inflammation, mixed Th17 and Thl phenotype cells
emerged which then constituted approximately half of the Th17
response during the later stages of infection. M. tuberculosis infec-
tion did prime responses with mixed Th1/Th17 cells, but this pop-
ulation was neither maintained nor expanded in the nonimmu-
nized mice. Thus, although IL-17A-producing cells could be
observed in the lungs of nonimmunized mice 2 weeks into infec-
tion (Fig. 5A and E), very limited recruitment from the tracheo-
bronchial lymph nodes was observed at any time point (Fig. 4),
leading to the near absence of Th17 cells at week 6 in nonimmu-
nized animals. This trait, with no or limited maintenance of infec-
tion-driven Th17 cells, was also reflected in responses to the infec-
tion marker TB10.4, where IFN-y* IL-17A" CD4 T cells were
primed but not sustained in any of the groups. The infection-
elicited Th17 cells did not incorporate any noticeable degree of
BrdU, and the infection therefore seems to prime short-lived Th17
effector cells with limited proliferative capacity. We therefore in-
terpret the emergence of mixed Th17 and Thl phenotype cells
during the chronic infection as progeny of the vaccine-induced
Th17 memory cells, which in such case would represent a meta-
stable memory population that exhibits plasticity when exposed to
prolonged Thl polarizing inflammatory conditions. This inter-
pretation would be in congruence with reports stating that the
duration (and polarizing type) of stimulation of Th17 cells deter-
mines whether Th17 cells maintain their phenotype or begin to
adopt Th1 cell characteristics, with chronic and/or repeated infec-
tion leading to the latter (13, 22, 37).
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The definite role of Th17 responses for protection against my-
cobacterial infections has not been fully established and is beyond
the scope of this paper. Although Th17 cells have been found to be
dispensable for overall protection against mycobacterial infec-
tions (4, 25), IL-17-producing y3-T cells do play a certain role in
shaping innate and adaptive responses leading to granuloma for-
mation (57), whereas classical (a«p CD4") Th17 cells have been
associated with early and IFN-y-independent protection (54). In
humans, long-lived Ag-specific Th17 cells with a central memory
phenotype and distinct from Th1 have been identified in PBMCs
from healthy, mycobacterium-exposed individuals and from in-
dividuals with latent tuberculosis infection, whereas significantly
reduced Th17 responses were found in patients with active TB (6,
46). This correlation, with lower Th17 responses and disease pro-
gression, was not due to relocation to the lungs, as Th17 responses
were found to be low to undetectable in bronchoalveolar lavage
fluid and in pleural effusion from TB patients, possibly reflecting
infection-mediated Th17 downregulation (6, 43, 46). However,
since their discovery (20, 41) it has become clear that exaggerated
and uncontrolled Th17 responses can be associated with autoim-
munity and pathological conditions (7, 9, 14). Hence, there could
be a risk that repeated vaccinations promoting Th17 immunity
during chronic infection or in postexposure settings circumvent
the regulatory effect of IFN-vy, eventually leading to exaggerated
Th17 responses and associated immunopathology. Along these
lines, Cruz et al. (9) recently showed that repeated Mycobacterium
bovis BCG administration on top of an ongoing M. tuberculosis
infection led to excess IL-17 expression associated with patholog-
ical lung inflammation, and it was suggested that such unregu-
lated Th17 responses could in part be responsible for the Koch
phenomenon (9). However, using CAF01 in a multistage vaccine
tested in murine models of latent TB has, for the first time, shown
promising results in terms of controlling reactivation without any
signs of such adverse pathological effects (1). In this regard, the
coinduction of Th1 responses could be a significant advantage of
the CAF01 adjuvant, as IFN-y is known to control Th17 expan-
sion during mycobacterial infection (10). Dissecting the protec-
tive versus pathological roles of Th17 cells in preventive as well as
postexposure vaccination against chronic infections in particular,
including TB, should have continued priority. Still, Th17 cells play
an important role in protective immunity against several patho-
gens, and in such cases it would be highly relevant and beneficial to
induce preexisting Th17 memory by vaccination. We have shown
that adjuvanted subunit vaccination given by the s.c. route can
establish such stable, long-term Th17 memory responses with a
predilection to target mucosal sites and thereby exert their direct
effect as well as accelerate the recruitment of Th1 cells with an
overall improved protective efficacy of novel vaccines.
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